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Urea kinetic modeling: An in vitro and in vivo comparative study. The
urea kinetic model (UK) and the direct dialysis quantification method
based on dialysate collection (DDQ) were used to determine the urea
distribution volume (V) identified with the total body water and the urea
generation rate (0) for different dialysis times, both in vivo during short
hemodialysis (N = 20) and in vitro using an experimental single-pool urea
system (N = 10). Both UK and DDQ allowed a satisfactory in vitro
estimation of V and G for all dialysis times. On the other hand in vivo V
and G estimations by both methods showed an increase of more than 50%
between the determinations performed after 30 minutes of dialysis and at
the end of dialysis. Our theoretical analysis shows that the in vivo changes
of V are compatible with those expected for a two-compartment system in
which one compartment is cleared faster than the other. Furthermore,
given that urea is allowed to equilibrate in the body at the end of dialysis,
DDQ permits an accurate estimate of V, G and PCR even for short
hemodialysis, which UK does not.
Since its introduction in clinical practice in the seventies, urea
kinetic modeling has become a widely used tool for the determi-
nation of urea generation rate (G), protein catabolic rate (PCR)
and urea distribution volume (V) in hemodialysis (HD) patients,
as well as for monitoring therapy on a quantitative basis and
individualized therapy prescription [1—7]. This approach provided
a better understanding of (HD) dynamics and an instrument for
further investigation of some HD-related problems [8—17]. Ki-
netic modeling is based on a mathematical description of a system
and, as long as the hypotheses on which the model is based are
close to the studied system, it should describe its dynamics
correctly. A major point in mathematical modeling is of course the
choice of the assumptions on which the model relies [18, 19].
Two methods of urea kinetic modeling are currently used in
clinical practice: the urea kinetic model (UK), proposed in
1974-75 by Sargent and Gotch [20, 21] and the direct dialysis
quantification method (DDQ) proposed in 1979 by Maichesky
and co-workers [22, 23]. One of the main differences between
them is the way mass balance is determined. In UK, it is estimated
with computations involving the clearances of the artificial and
natural kidney, whereas in DDQ it is assessed by direct measure-
ment of urea in collected urine and spent dialysate. Since 1983 we
have been using both models in our center [24], and a few years
ago we tried to apply them at different times during a hemodialysis
session (that is, at 30 or 60 mm and at the end of a dialysis
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session). In doing this, we were surprised to find an increase of
more than 50% in the urea distribution volume during the HD
time; similar changes were observed both with UK and DDQ.
Meanwhile, we discovered that Pizzarelli et al reported similar in
vivo results [25]. In order to understand the origins of these
unexpected changes we first analyzed both models from a theo-
retical view point, focusing attention on the assumptions on which
they are respectively based [26, 27]. We then decided to compare
the estimations of G and V obtained in vivo by UK and DDQ for
different dialysis times with the results obtained in vitro for a
dialysis performed with an experimental single-pool urea system.
Contrarily to those obtained in vivo, the in vitro results were
satisfactory and did not show any significant change of V during
dialysis. These results led us to question the basic assumptions of
the two models.
The present paper intends to: (a) report the in vivo changes of
V and G determinations by UK and DDQ during short dialysis
procedures and compare them with the results obtained for
simulated dialysis performed with an experimental single-pool
urea system; (b) analyze the differences between in vivo and in
vitro results, particularly the underlying assumptions on which UK
and DDQ are based; and (c) compare the behaviour of UK and
DDQ applied in a situation of urea disequilibrium.
Methods
Kinetic modeling
The urea distribution volume V and the urea generation rate G
were determined according to the urea kinetic model UK [20] and
the direct dialysis quantification model DDQ [23]. Variable-
volume formulae were used in both methods, and patients'
weights were assumed to change linearly. The formulae used are
reported in Appendix 1 and an extensive mathematical discussion
has already been published elsewhere [27]. It should be noted that
the DDQ has been slightly modified from the original one of
Malchesky et a! [23] in order to become clearance-free [26, 27],
but that for anuric patients such as those studied here, the results
are exactly the same. The two models need the following input
data for the determination of V and G (nomenclature is given in
Appendix 1):
UK : C(0), C(l), C(2), D, €), W(0), W(1), W(2), Kd, K,
DDQ : C(0), C(1), C(2), D, 0, W(0), W(1), W(2), q, qI,
These data already reveal the main difference between these
two models, namely the method whereby the urea output is
determined in the intradialytic and interdialytic intervals. For
DDQ this is done by the measurement of urea in the collected
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Fig. 1. Experimental single-pool urea .s-ystem. (1.)
Concentrated urea solution; (2.) volumetric
pump giving a constant G of 0.300 mmollmin;
(3.) recipient containing 40 liters of a normal
saline urea-containing solution (= V); (4.)
mixing devices; (5.) "arterial" line; (6,)
"venous" line; (7.) dialyzer; (8, 9.) dialysate
lines; (10.) monitor; (11.) outlet for spent
dialysate; (12.) recipient for dialysate collection.
dialysate (q0, q1). For UK it is computed by using the artificial
(Kd) and natural kidney (Kr) clearances,
In vivo study
The in vivo study was performed on 10 anuric CRF stable
patients (7 males, 3 females) aged 63 15 years, who had been on
chronic dialysis for at least 8 months. They were all dialyzed three
times a week for a mean duration of 195 12 minutes with a
single-pass Fresenius 2003 C monitor and hollow fiber dialyzers
CF2308 (Baxter), D6 (Fresenius) and Filtral 12 (Hospal). All were
dialyzed using a two needle technique. The mean blood flow was
304 12.6 ml/min and the ultrafiltration rate was 9.40 4.10
mI/mm. Blood flows were determined with calibrated pumps. The
dialysate flow was 500 mI/mm, and a glucose-free dialysate was
used with a sodium concentration of 138 to 142 mmol/liter. The
mean pre-dialysis urea was 28.6 4.2 mmol/liter and the mean
hematocrit 0.26 0,02. In these 10 patients G and V were
determined by UK and DDQ at 30 and 60 minutes after the start
and at the end of two successive hemodialysis sessions (HD); the
mean of the two measurements was the value used in calculations.
For kinetic purposes urea was measured in blood drawn at the
vascular access before and after dialysis, and in the arterial line 30
and 60 minutes after the start of dialysis. For UK computations
the urea clearance was determined in vivo at 60 minutes with the
standard arterio-venous technique with correction for ultrafiltra-
tion and hematocrit (Appendix); the mean in vivo clearance was
199 34 ml/min. For DDQ purposes the dialysate was collected
and weighed in a 150 liter recipient in which a mixing device was
installed to obtain a uniform urea concentration. The collected
dialysate was measured at 30 minutes, 60 minutes, at the end of
dialysis, and at each time an aliquot of dialysate was taken for urea
determination. Interdialytic and intradialytic intervals as well as
pre-dialysis and post-dialysis weights were accurately checked.
End-dialysis G and V values obtained by UK and DDQ were
calculated twice, first using the measured end-dialysis urea con-
centrations and then correcting end-dialysis urea for an end-
dialysis urea rebound of 10%, this value being in the low range of
rebound values reported in literature for short HD sessions [25,
28—31].
In vitro experiments
In order to claril the origins of the surprising findings observed
in vivo and to rule out mistakes in the application of the kinetic
models, an "in vitro" experiment was performed using the system
schematically described in Figure 1. A mixing device assured a
uniform urea concentration in the 40 liter container and a
volumetric pump (IVAC) injected urea at a constant rate of 0.300
mmol/min. This system was connected to a hollow fiber dialyzer
and a Fresenius monitor with an "arterial" and "venous" line, as
a patient would be. Using this experimental system ten dialysis
sessions were performed lasting four hours. Urea concentration at
the start of these experiments ranged from 30 to 42 mmol/liter,
and during the experiments the ultrafiltration rate and the pump
output were adjusted so that the volume of 40 liters contained in
the recipient remained approximately constant. Dialysate and
"blood solution" flows were 500 and 300 mi/mm, respectively.
Urea was measured serially in both "arterial" and "venous"
solutions (filter inlet and outlet, respectively) and dialysate at 0,30
and 60 minutes, and then each hour. The in vitro dialyzer
clearances could therefore be determined hourly; the mean value
was 196 8 mi/mm. As clearances showed a tendency to decrease
slightly by a mean of 4.4% 5.7% during the experiments, the
mean values were used for kinetic computations. G and V were
then determined according to UK and DDQ for each interval of
time in the ten experiments and the results were compared to the
known characteristics of the system (G = 0.300 mmol/min, V = 40
liters).
Mathematical analysis of UK and DDQ in a disequilibrium
situation
The results obtained in vivo showed two interesting features: (a)
the UK and DDQ estimations of V were both functions which
increased with dialysis time, and (b) the UK estimations had a
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Fig. 2. A non-equilibrium configuration. We assume that urea is distrib-
uted between two compartments of different size and separated by a
membrane (M). The smaller (V2) represents the vascular compartment
and the larger (V1) the extra-vascular one. Urea crosses the membrane at
a rate proportional to the concentration difference. The urea concentra-
tion C(t) is uniform in each of them and their volumes are constant. We
extract urea from the smaller compartment at a rate given by a constant
clearance K.
Table 1. In vitro results according to UK and DDQ
Dialysis time minutes
30 60 120 180 240 Mean
V UK 42.44 41.54 41.40 41.13 40.87 41.474
V DDQ 38.19 38.50 39.34 39.55 39.70 39.053
G UK 0.318 0.312 0.31 0.308 0.307 0.3111
G DDQ 0.286 0.289 0.295 0.297 0.298 0.2929
Data are means so. Units are: V in liters, G in
values are V = 40.00 liters and G = 0.300 mmol/min.
mmollmin; known
progressive tendency to overestimate those obtained with DDQ.
The analysis of our results—in particular the comparison of in vivo
and in vitro data—already suggested that these patterns could be
explained by a urea disequilibrium during dialysis; however, the
quality of the measurements performed or the accuracy of clear-
ance determinations, for example, are always open to criticism.
Therefore, in order to establish whether the above observations
were artifacts or real phenomena, the behavior of V estimations
by UK and DDQ was studied mathematically in a theoretical
non-equilibrium situation. We decided to study their behavior in
the simplest situation leading to non-uniformity, namely a config-
uration in which urea was distributed between two compartments
(Fig. 2) separated by a semipermeable membrane; their volumes
V1 and V2 are constant, V2 being smaller than V1. The urea
concentration was assumed to be uniform at each time in each
compartment and was extracted from the smaller one at a rate
given by a clearance constant K. Urea crossed the membrane
separating the two compartments at a rate proportional to the
concentration difference. The extraction of urea took place during
a period of time corresponding to one dialysis session, which was
short compared to the length of the interdialytic interval. For this
reason, the contribution of G during the extraction time was
neglected.
Laboratoty determinations
Urea concentrations in plasma, dialysate and "blood solution"
were determined by the urease/Berthelot method adapted for the
Greiner selective electronic analyzer G-450 [32]. This method is
linear from 0.08 to 75 mmolfliter [33J, and the lowest dialysate
urea concentration determined in the present study was 3.65
mmol/liter, whereas the mean value was 8.07 2,14 mmol/liter.
Ail aqueous determinations were made in duplicate or triplicate.
Statistical methods
Statistical analysis was made using the t-paired test and signif-
icance was assessed for P < 0.05. Correlation coefficient (r) was
assessed by the Pearson-Product moment. The results are re-
ported as mean values standard deviation (SD).
Results
In vitro results
The mean results obtained for G and V during the ten studies
performed with our experimental model are reported on Table 1.
These results show that under our experimental conditions both
UK and DDQ gave satisfactory estimations of G and V for all
Table 2. Comparison of V changes during dialysis according to UK
and DDQ
DBW
UK dialysis time DDQ dialysis time
30 60 30 60
Pt kg mm mm end mm mm end
1 73.50 32.11 38.68 51.02 32.59 37.98 44.66
2 85.00 29.07 39.68 48.00 30.54 39.68 45.25
3 55.50 16.62 21.25 31.12 18.12 22.61 30.52
4 67.00 23.07 27.47 34.86 23.00 29.07 35.70
5 73.10 23.72 27.90 40.71 21.90 27.10 33.03
6 53.20 25.87 24.43 28.32 24.19 25.54 29.39
7 58.30 27.73 28.92 35.83 22.39 26.54 31.52
8 41.50 14.46 17.79 22.25 13.62 16.14 20.29
9 70.40 21.14 27.22 39.95 21.79 27.78 38.51
10 60.00 22.08 25.99 31.30 23.38 27.14 29.12
Mean 63.75 23.59 27.93 36.34 23.15 27.96 33.80
12.50 5.43 6.82 8.83 5.43 6.80 7.57
Units are in liters. Each value is the mean of two successive dialyses.
Abbreviations are: Pt, patient; DBW, dry body weight.
dialysis times, with a mean error in the range of 2 to 4%. Neither
significant changes of V or G were observed within the 10
experiments, nor were significant differences between the results
obtained with either method (P =NS). The DDQ determinations
were slightly more accurate than the UK determinations, and the
values obtained after three to four hours of dialysis were slightly
more accurate than the ones obtained early in dialysis. For V and
O determinations obtained after three to four hours of dialysis the
mean differences between kinetically determined values and the
known values of the system were within 1 to 2%.
In vivo results
The values V and G determined in our ten patients during
dialysis are reported on Tables 2 and 3. In Table 2, V determined
by both methods shows a significant increase as a function of
dialysis time for all patients. For UK, the estimated V shows a
mean increase of 55.7 24.7% from 30 minutes to the end of
dialysis (P < 0.001); for DDQ the corresponding increase is
slightly less, 47.2 17.4% (P < 0.001). There are no significant
differences between the determinations by the two methods at 30
and 60 minutes (P = NS), but for end-dialysis data V estimations
obtained by UK are significantly higher by a mean of 7.5% than
those obtained with DDQ (36.34 8.83 vs. 33.8 7.57 liters, P <
0.05). Compared to the actual body weight of the patients studied,
792 Gabriel et al. Urea kinetic modeling
Table 3. Comparison of G changes during dialysis according to UK
and DDQ
UK dialysis time DD0 dialysis time
Pt 30 mm 60 mm end 30 mm 60 mm end
1 0.1532 0.1851 0.2471 0.1553 0,1816 0.2175
2 0.1244 0.1687 0.2071 0.1306 0.1688 0.1959
3 0.1145 0.1459 0.2191 0.1239 0.1545 0.214
4 0.1226 0.1459 0.1871 0.1223 0.1543 0.1916
5 0.1552 0.1821 0.2721 0.1424 0.1765 0.2234
6 0.1113 0.1063 0.1275 0.1054 0.1112 0.1317
7 0.1792 0.1878 0.2381 0.1464 0.1733 0.2118
8 0.0778 0.0961 0.1226 0.0733 0.0876 0.1122
9 0.1392 0.1789 0,2668 0.1436 0.1825 0.2578
10 0.1002 0.1178 0.1428 0.1059 0.123 0.1331
Mean 0.12777 0.15149 0.20305 0.12493 0.15136 0.18892
0.02966 0.034548 0.056099 0.024682 0.033001 0.047406
Units are in mmol/min. Each value is the mean of two successive
dialyses.
Table 4. Comparison of end-dialysis V, G and PCR estimations by UK
and DDQ with and without taking account of the post-dialysis urea
rebound
Units
End
-dialysis values Rebound 10%
DDQ UK z% DDQ UK %
V liters 33.8
7.57
36.34
8.83
7,51 36.46
8.42
40.68
10.3
11.57"
V % 52.9 56.88
11.85
7.5V
13.82
57.07 63.67
13.18
1157b
16.12
G mmol/ 0.1889 0.2031 7.52a 0.1878 0.2103 1198b
mm
PCR g/kg/ 0.9223
0.0474
0.9887
0.056
7.20a 0.9288
0.0474
1.0377
0.058
11.72"
24 hr
0.1539 0.1818 0.1548 0.1899
Data are means SD.
a P < 0.05, b P < 0.01; paired t-test DDQ versus UK
the estimated values correspond to an apparent V of approxi-
mately 37% of the mean dry body weight at 30 minutes and
approximately 44% at 60 minutes by both methods. For end-
dialysis determinations the values obtained with the two methods
are different, the mean being 56.7 5.3% for UK and 52.9
4.4% for DDQ (P < 0.05). Table 3 shows that the G determina-
tions exhibit a pattern similar to that for V, that is, a considerable
and significant increase of G during dialysis for all patients. U
estimated by UK shows an increase of 58.6 24.5% between 30
minutes and the end of dialysis (P < 0.001); for DDQ, the
corresponding increase is 50.4 17.7% (P < 0.001). There are no
significant differences between the determinations by the two
methods at 30 and 60 minutes (P = NS), but at the end of dialysis,
G determined by UK are significantly higher by a mean of 8%
than those determined by DDQ (0.2030 0.0561 vs. 0.1889
0.0474 mmol!min, P < 0.05). Table 4 exhibits the differences
between U, V and PCR estimations in end-dialysis by the two
methods. For end-dialysis values UK significantly overestimates
V, G and PCR values by 7 to 8% as compared to DDQ (P < 0.05).
Table 4 also shows that this overestimation is even more impor-
tant if end-dialysis urea values are corrected for the end-dialysis
urea rebound, with a 11 to 12% overestimation for an end-dialysis
urea rebound of 10% (P < 0.01). Table 5 compares the measured
Table 5. Comparison of urea output during dialysis measured in spent
dialysate and calculated from UK
Time
Measured urea Ca
extraction
in dialysate
lculated urea
extraction
by UK Delta
mmol %mmol
30 minutes 149.06
32.3
151.42a
33.77
2.36 1,58
60 minutes 280.52
157.5
280.89"
183.52
0.37 0.13
Dialysis end 669.51
157.5
716,263b
183.52
46.75 6.98
Rebound 10% 669.51
157.5
746.13C
191.59
76.32 11.44
Data are means SD.
"p NS; bp < 0.05; C < 0.01, paired t-test compared to measured
—
T
output
v=v1+v2
V2
Fig. 3. Theoretical behavior of V occumng when UK and DDQ are applied
in a non-equilibrium two-compartmental situation.
urea output from dialysate collection and calculated urea extrac-
tion from UK computations during dialysis. At 30 and 60 minutes
there are no significant differences between both values (P = NS);
however, at the end of dialysis, the values calculated by UK are
significantly higher by 7% (±7%) than the measured ones (716
183 vs. 669 157 mmol, P < 0.05). Table 5 also shows an increase
of this difference if end-dialysis urea values are corrected for the
urea rebound. For the 10% post-dialysis urea rebound considered
in our example the UK calculated a urea output increase from 716
183 to 746 192 mmol, the mean difference from measured
values thus increasing from 7% to 11.5%.
Results of the mathematical analysis
Figures 3 and 4 report the theoretical behavior of V found when
UK and DDQ are applied to a simple situation of urea disequi-
librium, namely a two-compartmental situation. The mathemati-
cal discussion leading to these curves is reported in the Discus-
sion. Figure 3 shows an increase of V as a function of time for
both methods. Furthermore, it is seen that V estimated by UK
tends to become progressively larger than the one by DDQ.
Figure 4 shows that if urea is allowed to equilibrate between the
two compartments at the end of dialysis but before urea measure-
ment, DDQ provides us with the correct distribution volume
(VDQ = V1 + V2), whereas UK gives a progressive overestima-
tion of V as a function of time (VK> V1 + V2).
V0(T)
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Discussion
The in vivo results show two distinct features: a very important
increase of V and G during dialysis predicted by both methods
and a progressive tendency of UK to overestimate DDQ results.
Such an increase of V is certainly not acceptable, but it should be
borne in mind that the situation is rendered more complicated by
the fact that V and G are interrelated in the estimation process.
Since technical or methodological errors are ruled out by the
satisfactory in vitro estimations, we have to admit a violation of the
basic assumptions governing the two models. This has already
been identified in [26, 27] and the conclusions are summarized
here. Let us start with the following list of hypotheses:
(a) Principle of conservation of matter
(b) Elimination of urea only by artificial and natural kidney(c) Constant urea generation rate
(d) Uniform urea concentration at the times of measurement
(d*) Uniform urea concentration at all times
(e) Constant clearances of the natural and artificial kidneys and
total clearance given by their sum
(f) Regularity properties of some body functions in a mathe-
matical sense.
We show in [26, 271 that DDQ and UK are not based on the
same set of hypotheses and more precisely that
DDQ requires {a, b, c, d},
UK requires {a, b, c, d*, e, f}.
It will already be obvious that DDQ is much less demanding
than UK and thus is more powerful for identifying of the violated
assumptions. Note that the two models give the same estimations
of V and G if, and only if, the measured urea outputs in DDQ are
identical with the computed outputs in UK [27], and that a
deviation of this property is highly sensitive to a violation of (d*)
or (e). Moreover, any question related to clearances is compli-
cated [27], and we stress that a discussion based on DDQ is much
simpler because the model does not involve them.
Focusing on DDQ, it seems obvious that (a) and (b) do not
have to be questioned and thus either (c) or (d), or both, are
violated. First assume that (c) is wrong but (d) is correct. This
configuration cannot explain the observations because it entails
unrealistically large variations of G. Assuming G would either
rapidly decrease near zero or double (that is, due to hypercatabo-
lism) during the first 30 minutes of dialysis, in our patients this
would cause a mean change of approximately 6 mmol (with
respect to end-dialysis G values) in the urea production. This
represents only 4% of the mean amount of urea epurated by the
artificial kidney in the same period (—150 mmol) and less than 1%
of urea accumulated between two successive HD (600 to 700
mmol). In any case these hypothetical variations cannot account
for the important changes observed.
Urea disequilibrium in the body during and at the end of
dialysis has been considered in the literature [25, 28—31, 33] and,
as a consequence, the well known post-dialysis urea "rebound"
phenomena could be described as a re-equilibration process.
Other authors have explained the rebound as the result of an
increase of G due to a catabolic event [34—38]. The preceding
discussion shows that the two explanations are not mutually
exclusive but we would like to mention two experiments of
particular interest. In the first one, uzea concentration was
measured serially during and after dialysis in the blood and brain
of three dogs. During dialysis urea concentration in blood de-
creased much faster than in brain but rose rapidly at the end while
brain concentration continued to fall, suggesting a re-equilibra-
tion process [33, 39]. In another study, radiolabeled urea was
injected in three dogs prior to HD and, after dialysis, a 13%
rebound of radiolabeled urea was observed which could not, of
course, be due to a de novo urea production [31]. Although we
cannot rule out a variation of G, the size of the rebound in the last
experiment suggests that it should be a lower order phenomenon.
In a forthcoming paper we will show how much uncertainty can be
induced in the estimation of V when G varies.
To take account of this disequilibrium, some investigators
suggested the use of equilibrated post-dialysis urea values for
kinetic studies in order to minimize the error arising from the
application of a single-pool analysis to a two-pool system. Some
reports have been published with corrections for post-dialysis
rebound whose estimated range is 8 to 19% [25, 28—31]. The
tendency of UK to overestimate DDQ estimations has already
been reported by other investigators and has most often been
attributed to an overestimation of dialyzer clearance and/or
recirculation [24, 40—44]. This led us to study the behavior of UK
and DDQ procedures when urea concentration is not uniform in
the human body.
UK and DDQ procedures in a non-uniform context
The notion of "uniform concentration at all times" is easy to
handle but its opposite is not. We therefore decided to focus on
the simplest theoretical configuration leading to non-equilibrium
during dialysis to investigate the behavior of our two procedures.
To shorten the discussion the mathematical treatment of the
following material is omitted.
A non-equilibrium configuration
Urea can be imagined as being distributed in two compartments
of different sizes and separated by a membrane (Fig. 2). The
smaller may represent the vascular compartment and the larger
the extra-vascular one. Urea concentration is uniform at each
time in both of them and their volumes are constant. Urea is
extracted from the smaller compartment at a rate given by a
constant clearance K, and urea crosses the membrane separating
the two compartments at a rate proportional to the concentration
—
v1+v2
V00(T)
I
Fig. 4. Theoretical evolution of V values determined using equilibrated
end-dialysis urea concentrations.
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difference. Extraction takes place during a hemodialysis period
that is nowadays short with respect to the length of an interdialytic
interval. The contribution due to ci during extraction is therefore
neglected.
The model
The above hypotheses lead to the following system of differen-
tial equations which was described in [28]:
d
j[ViCi(t)] = a{C2(t) — C1(t)],
d
= a[Ci(t) — C2(t)] — KC2(t),
where the indices 1 and 2 stand for the "extra-vascular" and
"vascular" compartments and for i = 1, 2:
C1('t) = urea concentration in compartment i at time
V1 = volume of compartment i
a = transcompartmental urea mass transfer coefficient
K = clearance of the filter acting on compartment 2
The initial condition is C1(O) = C2(O) = C0, corresponding to an
equilibrium situation.
Our system admits a unique solution given by:
where
I A2 A1 1
C1(t) = C01 eAt1 + cA2t I
[A2—A1 A1—A2 j
C2(t) = GJA1eA1t + A2eA2h],
A1=— — —+——-—I+ /i—+—--—---I —a————
1( (a
a+K "a a+K2 aK\
2 V1 V2) \Vi V2) V1V2)
A2=— — —+——--—-— ,t_+__—i
1( (a
a+K "a a+K2
2 V1 V2) \]\v1 v2)
A2 / A1V1
A1= 11+—
A2—Ai\ a
A1 / A2V1
A2= 11+—
Aj—A2\ a
aK
— 4—
V1V2
and A1 <A2 <0, A1 > 0, A2> 0
Since U = 0, both UK and DDO procedures allow us to
estimate V = V1 + V2 by using one dialysis period only. We
assume that it starts at time 0 and ends at time T.
UK estimator of V
The UK estimator for V, denoted by VUK, is given by
KrV=
logjj
It can be shown that VUK is independent of T if, and only if,
C2(T) = C0 — T, where A stands for the constant value of VUK.
Therefore in our two compartment model, VUK has to be a
function of T. More precisely it is given by:
V(i) = K
1
A2 + j. log(A1e -A2)T + A2)
From this formula we can deduce that:
(a) V(I) is a strictly increasing function of T
K(b) limV(1)=-—>V1+V2
Tt+oo A2
K
(c) IImVUK(I) = — _________ = V2
no A1A1+A2A2
The DDQ estimator of V
The DDQ procedure is based on the global balance equation:
VDDQ{C2(T) - C0] = - q(T)
where q(l) is the total amount of urea removed from our system
between times 0 and T. In our model the latter is given by:
qcf) = KJC2(t)dt
0
and by using these two equations together with our analytical
representation of C2(t),
VDDQ —— K(- (eAtT — 1) + j(e2T
—
1))
1 — (AieT + A2eMI)
It turns out that VDDQ is again a function of T with the following
properties:
(a') VDDO(J) is a strictly increasing function ofT
(b') lim VDDQ(I) = V1 + V2
Tt+oo
(c') limVDDQ(I) = V2
TjO
Comparing the two procedures we can also prove that:
V(7) > VDDQ(T),for evexy T> 0
These results are exhibited graphically in Figure 3 (Results).
Furthermore if T ] 0 both procedures give V2 as an estimator for
V. This can be understood as the consequence that the smaller
compartment is cleared before the larger. As T +02, VUK(l) will
overestimate V but V0(fl will approach the correct value.
Post-dialysis rebound
In our model, one can show that C1(t) > C(t) for any t > 0,
which is clearly the disequilibrium situation we were expecting.
Therefore, after the end of dialysis, an equilibration process will
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These are the formulae which were used to obtain the UK and DDQ
estimators for V and G.
Notations: The indices 0, 1 and 2 correspond respectively to the end of
the preceding dialysis, and to the beginning and end of the actual dialysis.
Forj 0, 1, 2:
V(j) = urea distribution volume
C(j) = urea concentration
W(j) = weight of the patient converted into liters
e length of interdialytic interval
D = length of dialytic interval
Kd = clearance of the filter
Kr = residual clearance of the kidney
q1 = total quantity of urea removed on the interdialytic
intervalq = total quantity of urea removed during dialysis
— W(1) —W(O)
W(1) — W(2)
D
In both procedures the estimators are obtained by intersecting two
curves in the [V(1), G] plane, where V(1) is the volume at the beginning
of dialysis. In order to determine the volume at the end of it, the relation
V(2) = V(1) + W(2) — W(1) was used where V(2) is denoted by V in the
preceding text and G is the instantaneous urea generation rate.
The following equations are those of the relevant curves:
C(2) — C(1)
GD[V(1)J=(K,j+K,—ep) C(2)+ V(1) Kd+K,
V(1)—u,D SD —1
These results are presented graphically in Figure 4 (Results). DDQ:
Figure 4 shows that under the hypotheses governing our model,
VK,(T) always overestimates the true value V1 + V2 whereas GD[V(1)] = --- [(V(1) + W(2) — W(1)}C(2) — V(1)C(1) + q
VDQ(l) leads to the correct one. D
In summaty
A theoretical analysis shows that the in vivo changes of V
correspond to those expected for a two-compartment system in
which one compartment is cleared faster than the other. DDQ, as
opposed to UK, allows a precise measurement of the urea output
even in a disequilibrium situation and, given that urea is allowed
to equilibrate in the body at the end of dialysis, permits an
accurate estimate of V, G and PCR even with short hemodialyses.
From a practical point of view, it is now easy to deal with DDQ
in a clinical context by using a new device described in [45].
occur in which C2(7) will increase to the equilibrium concentra-
tion C(I) given by:
V1C1(T) + V2C2(7)
C2(I) <Ce(7) = <C1(1)
Vi + V2
As discussed previously, such an equilibration process is observed
clinically after the end of dialysis and is known as "post-dialysis
urea rebound." To improve both estimation procedures, some
authors suggest waiting until equilibrium is nearly reached using
CC(1) instead of C2(1). Denoted by VK(7) and V0(1) are the
estimators for V provided respectively by the two procedures
when using this new rule. For UK:
Kf
= —
log(DieAT + D2eA2T)
where
1 A2 / V1V2
D1=
Vi+V2A2—Ai\ a
1 A1 / V1V2
V1+V2A1—A2\ a
and UK:
(a') V(T) is a strictly increasing function ofT
K(b") lim JK() = - — > V1 + V2
(c") limVK(7) = V1 + V2
On the other hand, for DDQ, we have the following neat result:
'DQ() = V1 + V2, for eveiy T > 0.
G1[V(1)] =
1
ö(V(1)[C(1) — C(0)] + s®tC(0)) flç=0
ilK. >0
C(O) — C(1)
+ K,
—1
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1
G1[V(1)] = [V(1)C(1)] — [V(1) + W(0) — W(1)}C(0) + q1
In vivo urea clearance:
C'> — C40> C4O)K=Q .> +Q
where: 0 = Qb[(1 — ht) + (*ht)];
= ultrafiltration rate
Qb = blood flow
C>', C° = filter inlet and outlet urea concentrations
= plasma/red cells equilibrium distribution coefficient; for urea = 0.77
[Ref. 46, 47]
PCR = 9.350+O.294V (G in mg/mm) [Ref. 11]
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